Id2 ͉ Myeloproliferative disorder ͉ chronic myeloid leukemia
C
hronic myeloid malignancies can be subdivided into myelodysplastic syndromes (MDS), myeloproliferative diseases (MPD), and diseases with mixed myelodysplastic and myeloproliferative characteristics (1) . Bone marrow derived from MDS patients show normal or increased cellularity. In contrast, bone marrow derived from MPD always shows hypercellularity. Furthermore, whereas the fraction of blasts in MDS varies between 1-20%, during the early stages of MPD the proportion of blasts (5%) is normal. In MPD myeloid developmental progression is relatively normal but increased myeloid cellularity can be observed.
The most common MPD is chronic myeloid leukemia (CML) (2) . CML has been characterized by leukocytosis, with a significant increase in the number of maturing neutrophils and a triphasic clinical course with chronic, accelerated, and blast crisis stages (2) . Both MPD as well as MDS are frequently associated with mutations in genes encoding tyrosine kinases (3) . For example, the abelson tyrosine kinase (ABL) is activated by a chromosomal translocation involving the BCR gene product, resulting in a BCR-ABL hybrid gene product (4) . Several lines of evidence point to BCR-ABL as the direct cause of CML. Enforced expression of BCR-ABL in murine hematopoietic stem cells activates a CML-like MPD in mice (5) . Furthermore, treatment of transformed cells carrying the BCR-ABL translocation, with imatinib mesylate, a compound that is a competitive inhibitor of the ABL ATP binding pocket, leads to a block in proliferation and induction of apoptosis (6) . Imatinib has recently been the treatment of choice in chronic phase CML but enthusiasm has been hampered since acquired resistance is frequently observed in advanced CML, arising from gene amplifications or point mutations, rendering BCR-ABL less responsive to the compound (7) . Drug resistance of BCR-ABL is likely a problem that will persist even though new compounds that target the kinase activity of BCR-ABL are being generated and clinically tested.
Therefore, identifying novel targets that contribute to the development of CML is an important issue.
The basic helix-loop-helix (bHLH) proteins can be categorized into distinct classes based on their biochemical and functional properties (8) . Class I HLH proteins, also named E-proteins, are transcriptional regulators that interact with specific DNA sequences, named E2-box sites (9) . They are widely expressed but not in a ubiquitous fashion. Class I HLH or E-proteins have the ability to interact with DNA either as homo-or as heterodimers. In vertebrate organisms, 4 E-proteins have been identified. They include E12, E47, HEB, and E2-2 (9). During lymphocyte development, E-proteins form either homodimers or heterodimers among themselves (10) . Specifically, in developing B cells, E47 homodimers and E47/E2-2 heterodimers act to induce a B lineage program of gene expression (11, 12) . In developing thymocytes, heterodimers of E47 and HEB act in concert to promote developmental progression and regulate cellular expansion (13) (14) (15) . E2A proteins also act to restrain hematopoietic progenitor cells to develop into the myeloid and natural killer (NK) cell lineages (16, 17) .
The DNA binding activities of E-proteins are regulated by another class of HLH proteins, named the Id (inhibitors of differentiation) gene products (8) . Four members of the Id gene family are present in the mammalian genome, named Id1-4. Id proteins are HLH proteins but they lack a basic region and, upon interacting with E-proteins, antagonize their DNA binding activity (18) . Numerous genetic studies have indicated that E-proteins are the critical Id targets during thymocyte development (8, 17, 19, 20) . Id1 and Id2 have also been shown to play critical roles during human myeloid granulopoiesis (21) . Specifically, inhibition of Id2 activity blocks the developmental progression of both the eosinophil and neutrophil lineages whereas enforced Id2 expression induced both eosinophil and neutrophil maturation (21) .
Here we show that a deficiency in Id2 in a C57BL/6 genetic background leads to abnormalities in early hematopoiesis and to the development of MPD. Specifically, Id2 deficient mice showed increased cellularity within the granulocyte/macrophage progenitors (GMPs) compartment. Substantially higher numbers of maturing neutrophils were detected in the bone marrow and peripheral organs of Id2 deficient mice. Id2 deficient mice developed MPD within 6 months of age and died from overwhelming granulocytosis. In contrast, enforced expression of Id2 interfered with the ability of BCR-ABL to promote MPD. Based on these findings we propose that inhibition of E-protein activity in hematopoietic progenitors suppresses the development of MPD.
Results

Myeloid Development in Id2 Deficient
Mice. Previous studies have established a critical role for Id2 in NK, dendritic, and CD8 cell maturation (22) (23) (24) . To examine in greater detail the potential roles of Id2 during hematopoiesis, Id2 heterozygous mice were backcrossed for 10 generations into the C57BL/6 background and Id2 null mutant mice were generated. The large majority (95%) of Id2 null mutant mice in a C57BL/6 background died within 1 week after birth. We note that the survival rate of newborn and adult Id2-ablated mice in a C57BL/6 background is distinct from that observed in previous studies in which Id2-deficient mice were examined within the context of a mixed 129/C57BL/6 background (22) .
To examine whether Id2 plays a role in early hematopoiesis, bone marrow and peripheral blood was isolated from Id2 ϩ/Ϫ and Id2 Ϫ/Ϫ 4 weeks old mice and analyzed using immunohistochemistry approaches as well as flow cytometry. May-Grunwald staining revealed an increase in the proportion of neutrophils in both the bone marrow and peripheral blood derived from Id2-ablated mice as compared to Id2 ϩ/Ϫ mice (Tables S1 and S2 ). Furthermore, the fraction of eosinophils in the peripheral blood was substantially increased in Id2-deficient mice (Table S2) . Consistent with these observations, in Id2-ablated bone marrow, spleen, and peripheral blood, the fraction of maturing neutrophils was substantially increased (Fig. 1A) .
To determine whether the loss of Id2 affects the development of myeloid progenitors, bone marrow cells were examined for the expression of Sca-1, c-kit, IL-7R␣, CD34 and Fc␥R by flow cytometry. Id2 Ϫ/Ϫ mice exhibited a 2-fold increase in the relative proportion of GMPs (lin Ϫ /Sca-1 (Fig. 1B) . To further evaluate the number of myeloid and erythroid progenitors in the bone marrow of Id2 Ϫ/Ϫ mice, we performed in vitro colony-forming unit (CFU) assays. In methylcellulose cultures, bone marrow derived from Id2 Ϫ/Ϫ mice showed a slight increase in the number of myeloid (colony-forming unit granulocytes [CFU-G]) colonies as compared to bone marrow Id2 Ϫ/Ϫ mice were plated in methylcellulose-containing media supplemented with the appropriate cytokines for each progenitor type. Standard morphologic criteria were used to score colonies. GEMM refers to granulocyte/erythrocyte, macrophage/megakaryocyte colony-forming units. GM refers to granulocyte, macrophage colony-forming units. G refers to granulocyte colony-forming units. M refers to macrophage colony-forming units.
isolated from wild-type mice (Fig. 1C) . Collectively, these data indicate that the fraction of GMPs is modestly elevated in Id2-deficient bone marrow as compared to Id2 ϩ/Ϫ bone marrow.
Development of Myeloproliferative Disorder in Id2 Deficient
Mice. Id2 deficient mice that survived beyond 4 weeks after birth were monitored and analyzed in detail. The surviving Id2 null mutant mice were generally runted and displayed distress and ruffled coats 1-3 months after birth. All of the mice that were monitored became moribund by 28 weeks of age. Upon necropsy, the Id2-ablated mice showed grossly enlarged spleens, with a complete destruction of the splenic architecture (Fig. 2 A) . WBC were found to often invade the liver (Fig. 2 A) . WBC counts were substantially elevated (on average 17,000 WBC per l) in Id2 deficient peripheral blood versus Ϸ9,000 WBC per l in Id2 heterozygous mice (Table S2 ). In contrast, erythroid cellularity in peripheral blood cells was decreased and anemia was observed in all of the animals (Tables S1 and S2 ). To examine the phenotype of the WBC in greater detail, bone marrow, peripheral blood cells, and splenocytes were isolated from Id2
and Id2 ϩ/Ϫ mice. Cells were stained for the expression of Gr-1 and Mac-1 and analyzed by flow cytometry (Fig. 2B) . In Id2-ablated mice, the bone marrow, spleen, and peripheral blood showed substantially increased numbers of mature myeloid cells as compared to Id2 ϩ/Ϫ mice (Fig. 2B ).
Myeloproliferative Disorder in Id2-Ablated Bone Marrow. Since the majority of Id2 deficient mice died soon after birth, an extensive analysis using a large cohort of Id2 deficient mice was not possible.
To generate a relatively large sample of mice carrying Id2 deficient hematopoietic progenitor cells, we isolated fetal livers from Id2 deficient and control genotypes. Fetal liver cells were subsequently injected into irradiated 129 hosts and monitored for distress over a 7-month period. Recipient mice that were transplanted with cells derived from Id2 ablated fetal livers developed symptoms of distress within 1 to 2 months post transplantation. All 12 recipients that were injected with Id2 deficient fetal liver cells became ill within 30 weeks, with the median age of morbidity being approximately 5 months ( Fig. S1A ; primary recipients). In contrast, all of the hosts transplanted with Id2 ϩ/Ϫ fetal liver remained healthy during this period ( Fig. S1A ; primary recipients). At autopsy, the mice reconstituted with Id2 Ϫ/Ϫ fetal liver cells showed marked splenomegaly and hepatomegaly. Histopathological analysis of the mice showed extensive infiltration of Gr1ϩMac-1ϩ cells in the spleen, bone marrow, lung, and liver (Fig.  S1B ). As expected, the proportion of Gr-1ϩMac-1ϩ cells was substantially increased in Id2-deficient bone marrow, peripheral blood, and spleen as compared to Id2 ϩ/Ϫ mice (Fig. S1C) . Hematological analysis also revealed a 2-fold increase in the number of WBCs (Tables S1 and S2) .
To determine whether the MPD observed in Id2 deficient mice can be transferred to secondary recipients, bone marrow cells from diseased animals were transplanted into syngeneic recipients pretreated with a lethal dose of irradiation. In 8 secondary recipients, hematological disease developed with a median range of Ϸ35 weeks ( Fig. S1A and D; secondary recipients) . None of the recipients injected with Id2 ϩ/Ϫ bone marrow cells showed distress. All of the mice transplanted with Id2 deficient bone marrow cells showed extensive accumulations of maturing granulocytes in the bone marrow and peripheral organs (Fig. S1D) . Collectively, these data show that the MPD phenotype observed in Id2-ablated mice can be transferred into irradiated recipient mice and that the defect is intrinsic to the hematopoietic lineage. 
Forced Id2 Expression Interferes with the Development of BCR-ABL-
Mediated Myeloproliferative Disorder. The observations described above showed that in a C57BL/6 background, a deficiency in Id2 promotes the development of MPD. To determine whether forced Id2 expression interferes with the development of BCR-ABLmediated MPD, we over-expressed Id2 in conjunction with p210 BCR-ABL in murine bone marrow cells that were transplanted into irradiated hosts. Specifically, retroviral constructs containing p210 BCR-ABL as well as an internal ribosomal entry site that allows the expression of either GFP or Id2 were generated, named p210ϩGFP and p210ϩId2. Bone marrow was isolated from 5-fluorouraciltreated wild-type donors and transduced with virus encoding either p210ϩGFP or p210ϩId2. Transduced bone marrow cells were injected into lethally irradiated BALB/c mice and monitored for distress. Five mice transplanted with bone marrow transduced with p210ϩGFP developed a fatal CML-like MPD within 4 weeks (Fig.  3 A) , as previously described (38, 39) . As predicted the mice showed massive expansion of maturing myeloid cells in bone marrow, spleen, liver, and peripheral blood (data not shown). The peripheral leukocyte count at death was substantially elevated and composed predominantly of maturing neutrophils (Fig. 3B and data not  shown) .
Strikingly, none of the 17 recipients transplanted with hematopoietic progenitors that expressed p210ϩId2 showed distress 4 weeks post injection (Fig. 3A) . However, 3 months post transplantation, the majority of the reconstituted mice transplanted with bone marrow cells carrying p210ϩId2 developed disease with a median survival period of 11 weeks (Fig.  3A) . Several of the mice transplanted with hematopoietic progenitors expressing p210ϩId2 developed MPD 5 weeks posttransplantation, with increased WBC (16 -115 ϫ 10 3 /l) and splenomegaly. However, the development of disease was substantially delayed, and only a minor fraction of the recipients died because of complications of CML-like disease (Fig.  3A) . Rather, the large majority of p210ϩId2 recipients developed B-cell acute lymphoblastoid leukemia (B-ALL) or a mixture of MPD and B-ALL (Fig. 3 A and B) . We also observed that the bone marrow of mice transduced with the hematopoietic progenitors that expressed p210ϩId2 showed an increase in the number of eosinophils similar as described for human CD34ϩ cells transduced with virus expressing Id2 (6.1 Ϯ 1.3% for Id2-p210 BCR-ABL versus 0.3 Ϯ 0.3% for BCR-ABL) (21) .
To determine that bone marrow cells transduced with p210ϩId2 express both proteins, cells were isolated and analyzed for protein expression using Western blotting. BCR-ABL p210 in bone marrow cells transduced with p210ϩId2 virus was expressed at levels comparable to that of cells transduced with p210ϩGFP (Fig. 3C) . Fig. 3 . Co-expression of Id2 attenuates CML-like myeloproliferative disease induced by p210 BCR-ABL in mice. (A) Kaplan-Meier survival curve for recipients of bone marrow transduced with retrovirus co-expressing p210 BCR-ABL and GFP (dashed line, n ϭ 5) or retrovirus co-expressing p210 and Id2 (solid line, n ϭ 17). Individual mice are indicated by the symbols (squares ϭ p210ϩGFP, triangles ϭ p210ϩId2), while the phenotype of the leukemia that each recipient developed is indicated by the shading (black ϭ CML-like MPD, white ϭ B-cell acute lymphoblastic leukemia (B-ALL), black/white ϭ both diseases simultaneously). The difference in survival between the 2 cohorts was highly significant (P Ͻ 0.0001, Mantel-Cox test). The curve is a composite of 2 independent bone marrow transplantation experiments that gave similar results. As expected, Id2 expression was also readily detectable in extracts derived from cells transduced with p210ϩId2 (Fig. 3C) . We also examined the efficiency of p210ϩGFP and p210ϩId2 viral transduction in different tissues by Southern Blot analysis of genomic DNA using GFP plus Id2 or ABL probes (Fig. 3D) . The number of proviral copies was similar in p210ϩGFP and p210ϩId2 transduced cells (Fig. 3D) . Collectively, these observations indicate that the absence of CML-like MPD in p210ϩId2 transduced bone marrow cells was not caused by lower levels of p210 expression and/or engraftment of BCR-ABL-expressing leukemic cells. Rather, enforced expression of Id2 delays the onset of BCR-ABL mediated MPD.
These data raised the possibility that BCR-ABL acts to promote the development of CML-like disease by modulating Id2 expression. To test this possibility directly, GMPs of normal mice were sorted and infected with empty vector ''control'' alone or BCR-ABL p210 retrovirus. Two days posttransduction, the GFP positive cells were sorted, mRNAs isolated and examined for Id1-3 expression by real-time PCR. Id1 expression was elevated as previously reported, Id3 levels were substantially lowered but Id2 abundance was only modestly reduced (ref. 25 and data not shown).
In summary, these data demonstrate that forced Id2 expression interferes with the development of BCR-ABL-induced CML-like disease. However, since BCR-ABL expression does not substantially interfere with Id2 expression in GMPs, the data suggest that BCR-ABL and Id2 do not act in a linear pathway to promote the development of MPD.
Discussion
Previous observations have indicated that the E-proteins act to modulate the development of the lymphoid and myeloid lineages (8) . The E-proteins also act as proto-oncogenes and as tumor suppressors. In pro-B ALL, the E2A bHLH domain is replaced with a leucine zipper domain derived from HLF, generating an E2A/ HLF fusion protein (26, 27) . In pre-B ALL, the N-terminal E2A domains are fused to a homeodomain-containing protein (Pbx-1) resulting in the aberrant expression of E2A/Pbx-1 (27, 28) . Both E2A/HLF and E2A/Pbx1 have been demonstrated to play critical roles in the development of pro-B and pre-B ALL, respectively. E2A and HEB also function as tumor suppressors since E2A-and HEB-deficient mice rapidly develop T cell lymphoma (29, 30) . A significant fraction of patients with human acute T lymphoblastic leukemia carry chromosomal translocations that involve the TAL-1 and TAL-2 genes and there is now ample evidence indicating that the TAL gene products cause lymphoma by antagonizing E-protein mediated transactivation (31) . Interestingly, forced Id2 expression in developing thymocytes promotes the development of T cell lymphoma with similar kinetics and characteristics as described for E2A-and HEB-ablated T cell malignancies (32) . These data suggested that E2A and/or HEB are the critical targets for Id2-mediated lymphomagenesis. Here we demonstrate a role for Id2 as a potential tumor suppressor. Whereas Id2 acted to suppress the development of MPD, forced Id2 expression interfered with the development of BCR-ABL-mediated MPD.
A large number of studies have reported on the role of Id2 in hematopoiesis (8) . However, this is the first study indicating a role for Id2 in suppressing the development of MPD. This brings into question as to why other studies failed to observe a role for Id2 in promoting myeloid hyperplasia. We would like to suggest that differences in the genetic backgrounds, C57BL/6 versus 129, likely are the cause for these apparent differences. The Id2 deficient mice that were generated in our studies were backcrossed 10 times into the C57BL/6 mice. It is these mice that develop MPD within a 3-to 6-month period. When the Id2 deficiency was backcrossed into the 129 strain, the development of MPD was not observed within this time frame. Hence, these observations suggest that modifier alleles must exist within the 129 and/or C57BL/6 background that modulate the potential activity of Id2 as a tumor suppressor.
The data also bring into question as to how a deficiency of Id2 contributes to the development of MPD. Previous studies have demonstrated that constitutive expression of Id2 in human hematopoietic progenitors acts to accelerate the developmental progression of neutrophils, whereas suppression of Id2 activity blocks neutrophil maturation (21) . In contrast, we show here that Id2 overexpression impairs BCR-ABL-driven neutrophil production, suggesting that the mechanisms controlling normal and leukemic myelopoiesis are distinct. E-proteins have been shown to control cell growth in developing hematopoietic cells. Both cell survival and cell cycle progression are modulated by E-protein activity. High levels of E2A promote cell death through a mechanism mediated by the Bcl-2 pathway (33). In contrast, low abundance of E2A activity in pro-B cells results in cell death, through a mechanism yet to be uncovered (33) . Overexpression of E47 in fibroblasts and lymphoid cell lines has been shown to both promote and antagonize cell cycle progression (34) (35) (36) . E47 has been shown to directly regulate cdk6, c-myc, p21, and cyclin D3 transcription, suggesting that E47 promotes cell cycle progression by controlling the expression of cell cycle regulators (37) . The paradoxical effects of E47 on cell survival and cell cycle progression may relate to the differences in genes activated during developmental progression. Thus, it is conceivable that Id2 expression in myeloid progenitors acts to suppress the activity of E-proteins to modulate cellular expansion.
Another interesting possibility is that forced Id2 expression interferes with the development of BCR-ABL-induced MPD by suppressing the self-renewal activity of the leukemic stem cell. Consistent with this scenario are our recent observations indicating that E-protein activity is required to promote the stem cell self-renewal activity of HSCs (C. Semerad, E. Mercer, and C.M. Murre, unpublished observations). We favor this mechanism and it will be particularly important to determine whether E-protein activity is required to permit the aberrant self-renewal activity of GMPs that carry the BCR-ABL chromosomal translocation.
Our data raise the question whether BCR-ABL modulates Id2 expression to promote MPD. We consider this unlikely since Id2 levels were not substantially reduced in GMPs that express BCR-ABL. Interestingly, however Id1 abundance was increased whereas Id3 levels were substantially reduced in GMPs that express BCR-ABL. How the modulation of Id expression by BCR-ABL modulates E-protein activity is unclear and further studies will be necessary to establish the link between BCR-ABL and E-proteins. Which of the E-proteins, E12, E47, HEB or E2-2, is required to promote BCR-ABLmediated MPD? The function of E-proteins in early hematopoiesis and their roles in leukemia remain to be elucidated. It will be particularly important, however, to address this issue and examine the ability of BCR-ABL to promote MPD in E2A, HEB, and E2-2 single-and compound-ablated backgrounds.
Regardless of the precise mechanism by which forced expression of Id2 interferes with p210 BCR-ABL-mediated leukemic transformation, the data described here show that the E-and Id-proteomes are potentially appealing novel targets for the treatment of BCR-ABL-mediated MPD.
Materials and Methods
Viral Transduction of Bone Marrow. To generate the p210ϩId2 retrovirus vector, the GFP gene was removed from pMIG R1 (38) and a 1.5 kb murine ID2 cDNA inserted 3Ј to the internal ribosome entry site (IRES), followed by introduction of the cDNA for p210 BCR-ABL in the position 5Ј to the IRES. High-titer, replicationdefective ecotropic retroviral stocks were generated by transient transfection of 293 cells using the kat system as described (39) and titered by Southern blot analysis of genomic DNA from cells transduced with serial dilutions of virus. Retroviral stocks were matched for titer and gave equivalent transduction effi-ciency in 3T3 cells (data not shown). Bone marrow transduction and transplantation was carried out using 5-fluorouracil-treated (200 mg/kg) male donor and lethally irradiated (900 cGy) female recipient BALB/c mice (Taconic Farms) as described (40, 41) . 
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